The structural basis for organizational heterogeneity of lipids and proteins underlies fundamental questions about the plasma membrane of eukaryotic cells. A current hypothesis is the participation of liquid ordered (Lo) membrane domains (lipid rafts) in dynamic compartmentalization of membrane function, but it has been difficult to demonstrate the existence of these domains in live cells. Recently, giant plasma membrane vesicles (GPMVs) obtained by chemically induced blebbing of cultured cells were found to phase separate into optically resolvable, coexisting fluid domains containing Lo-like and liquid disordered (Ld)-like phases as identified by fluorescent probes. In the present study, we used these GPMVs to investigate the structural bases for partitioning of selected lipids and proteins between coexisting Lo-like/Ld-like fluid phases in compositionally complex membranes. Our results with lipid probes show that the structure of the polar headgroups, in addition to acyl chain saturation, can significantly affect partitioning. We find that the membrane anchor of proteins and the aggregation state of proteins both significantly influence their distributions between coexisting fluid phases in these biological membranes. Our results demonstrate the value of GPMVs for characterizing the phase preference of proteins and lipid probes in the absence of detergents and other perturbations of membrane structure.
Introduction
The cornerstone of the lipid raft hypothesis is the concept derived from model membranes that cell membranes segregate into two distinct fluid phases, liquid ordered (Lo) and liquid disordered (Ld). This is due to tighter packing of cholesterol with phospholipids containing long, saturated acyl chains (Lo) than with phospholipids containing two or more double bonds in their acyl chains (Ld) [1] [2] [3] [4] [5] [6] . In cells under normal physiological conditions, these domains are likely submicroscopic and dynamic. The partitioning of a given membrane component (protein or lipid) into an Lo domain will be governed by its intrinsic preference for the ordered environment, as well as by its interactions with other membrane constituents. Segregation of membrane components due to differential partitioning between coexisting fluid phases provides a basis for various physiological functions attributed to regulated compartmentalization and targeting by lipid rafts. Ample evidence supports the view that these rafts can serve as platforms for differential sorting of molecules that are critical for cellular processes such as stimulated signal transduction [1, [7] [8] [9] , membrane trafficking [10, 11] , cellular adhesion and motility [12] , and viral entry into and budding from cells [13] . Raft association or exclusion of a host of proteins, either in native monomeric form or after stimulated clustering by exogeneous ligands, can provide environments critical for their optimal function [7] [8] [9] 13] .
Detailed information about the partitioning preferences of proteins and lipids is necessary to delineate the structural features and the intermolecular interactions that are critical for raft association. Although a number of fluorescence techniques have been used to study the lateral organization of cell membranes [14] [15] [16] [17] [18] [19] , the partitioning preferences of the fluorophores used to probe these complex biological membranes have not been well characterized. Although detergent-resistant membranes (DRMs) are commonly used as a crude measure of association with lipid rafts in live cells [20] , it is well known that detergent extraction introduces a significant perturbation, such that the resulting DRMs cannot be equated to preexisting biological membrane structures [21] [22] [23] .
Giant unilammelar vesicles (GUVs) have been proven to be valuable research preparations [24] [25] [26] [27] , but these simple model membranes fail to capture the rich complexity of the plasma membrane and the multitude of protein-protein and proteinlipid interactions that take place in that milieu. A further limitation of GUVs is technical difficulties associated with reconstitution, such that partitioning of most membrane proteins between Lo and Ld is not readily evaluated. We recently observed that giant plasma membrane vesicles (GPMVs) obtained by chemically induced blebbing of cells undergo phase separation into optically detectable coexisting fluid phases [28] . These GPMVs contain a large fraction of lipids and proteins from the plasma membrane and provide a compositionally rich biological membrane system to study the partitioning of lipids and proteins between coexisting fluid phases using fluorescence imaging microscopy. During their formation, GPMVs detach from the cytoskeleton and micrometer-scale phase separation is readily observed at temperatures lower than ∼25°C. Native cell membranes at higher, physiological temperatures are likely to exhibit submicroscopic concentration fluctuations that lead to local differences in composition, related to Lo/Ld phase segregation [28] . These correlated concentration fluctuations may lead to larger scale phase separation and/or membrane reorganization that results from, for example, receptor aggregation by an exogeneous ligand and accompanies various physiological responses of the cell. Thus, the partitioning of membrane components between large coexisting fluid phases in GPMVs provides information about how these same molecules redistribute in the presence of nanoscopic heterogeneities in macroscopically homogeneous, live cell membranes.
In the present study we used GPMVs as a model system to systematically investigate the structural bases for protein and lipid partitioning and, thus, the general physical properties that target membrane components to particular lipid environments. We also evaluated the capacity of detergent extraction to discriminate between molecules preferring Lo-and Ld-like fluid phases. Our results reveal similarities to and some differences for Lo/Ld partitioning from those predicted by DRM fractionation of lysed cells, and they identify several Lo-preferring fluorescent lipid analogues in biological membranes.
Materials and methods

Lipid probes and chemicals
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (Rh-DOPE),
, and 25-{N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino}-27-norcholesterol (25-NBD-cholesterol) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (FITC-DPPE), N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sphingosine-1-phosphocholine (6-NBD-SM), and BODIPY® FL C 5 -ganglioside GM1 (Bodipy-GM1) were obtained from Invitrogen Molecular Probes (Eugene, OR). Unless otherwise indicated, all other chemicals were from Sigma-Aldrich (St. Louis, MO).
Antibodies
Purified Ox7, mAb specific for rat glycosylphosphatidylinositol linked Thy-1 (BD Pharmingen, San Diego, CA), was labeled with Cy3 (Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's instructions. Purified AA4, mAb specific for the ganglioside acetylated GD 1b (provided by Dr. R. Siraganian, NIH), and mouse monoclonal anti-2,4-dinitrophenyl (DNP) IgE were labeled with AlexaFluor488 (Invitrogen Molecular Probes, Eugene, OR) as previously described for IgE [29] . AlexaFluor488-cholera toxin subunit B (A488-CTB) was obtained from Invitrogen Molecular Probes. AlexaFluor488-AA4 and A488-CTB were added at concentrations of 1-2 μg/ml to GPMVor cell suspensions, and samples were incubated for 15 min at room temperature or on ice prior to imaging.
Fluorescent protein constructs
Vectors containing cDNA for GFP-GPI and YFP-GL-GPI were provided by J. Lippincott-Schwartz (NIH, Bethesda) and T. Baumgart (University of Pennsylvania, Philadelphia), respectively. Plasmids encoding monomeric YFP-GL-GPI (mYFP-GL-GPI) and monomeric YFP-GT46 (mYFP-GT46) were constructed from YFP-GL-GPI and YFP-GT46, respectively, by introducing the A206K mutation [19] using Quickchange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The oligonucleotides 5′-mEYFP (CACTACCTGAG-CTACCAGTCCAAACTGAG CAAAGACCCCAACGAG) and 3′-mEYFP (CTCGTTGGGGTCTTTGCTCAGTTTGG ACTGGTAGCTCAGGTAGTG) (Integrated DNA Technologies, Coralville, IA) were used as the sense and antisense primers, respectively, and the mutation was verified by sequencing. LAT-EGFP was obtained from L. Samelson (NIH, Bethesda), YFP-GT46 (originally from Kai Simons, Max Planck Institute of Molecular Cell Biology and Genetics, Dresden) was from A. Kenworthy (Vanderbilt University School of Medicine, Nashville, TN), DsRed-PH and VSVG-EGFP were from Andreas Jeromin (U. Texas, Austin), CD63-EGFP was from Paul Roche (NIH), and flotillin-2-EGFP was from Lawrence Rajendran (Max Planck Institute, Dresden). LAT cDNA was excised from LAT-EGFP using the flanking restriction sites EcoRI and Kpn1 and ligated into monomeric AcGFP-N1 vector to obtain LAT-mEGFP.
Cell culture and transfection
RBL-2H3 cells were maintained in monolayer cultures for 3 to 5 days after passage as described [30] and washed twice with phosphate-buffered saline (PBS) before being subjected to the blebbing procedure as described below. RBL cells were transiently transfected with the EGFP/DsRed constructs using GenePORTER (Gene Therapy Systems, San Diego), as previously described [29] . In some cases, RBL-2H3 monolayer cultures were incubated at 37°C with 0.5 μg/ml of Alexa488-IgE for 8 h or with 1-2 μg/ml of Cy3-OX7 for 1 h before GPMVs were induced.
Giant plasma membrane vesicles
GPMVs were generated as described previously [28, 31] . In brief, monolayers of adherent, confluent RBL-2H3 cells in tissue culture flasks were washed twice with GPMV buffer (2 mM CaCl 2 , 10 mM HEPES, 150 mM NaCl, pH 7.4), and incubated with freshly prepared GPMV active reagent consisting of 25 mM formaldehyde and 2 mM dithiothreitol in GPMV buffer, for 1 h at 37°C with gentle shaking (60 cycles per minute). GPMVs were then gently decanted into a conical tube. For microscopy experiments the tube was allowed to stand undisturbed in ice for 30-45 min to allow the larger GPMVs to sediment, and then 20% of the total volume was collected from the bottom of the tube. For this preparation, N75% of the GPMVs showed Lo-like/Ld-like phase separation at 15°C as indicated by selective probes [28] . The sucrose gradient experiments were performed using the entire preparation of GPMVs.
Labeling with lipid probes
To label GPMVs with fluorescent lipid analogues, GPMVs suspended in GPMV buffer was incubated with these probes in methanol for 5-10 min at 4°C. The final probe concentration was 2-8 μM, and methanol concentration was between 0.5 and 2% (v/v). Identical partitioning results were obtained with an alternative protocol: adherent cells were washed twice with buffered salt solution (BSS: 135 mM NaCl, 5.0 mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , 5.6 mM glucose, 20 mM HEPES, 1 mg/ml BSA) and incubated with labeling solution at room temperature for 10 min. Labeling solution was prepared by mixing lipid probes in methanol with BSS. The final probe concentration varied between 1.0 and 5.0 μM, and methanol concentration was between 0.2% and 1% (v/v). Cells were then washed twice with GPMV buffer to remove the methanol and unincorporated probe, then incubated with GPMV reagents as described above to generate labeled GPMVs. It is possible that incorporated lipid probes could alter the phase separation observed, but lipid probe-free GPMVs labeled with fluorescent antibodies or generated from cells expressing EGFP/EYFP-labeled endogenous proteins also exhibit robust phase separation under identical conditions, indicating that the observed phase behaviour is not dependent on the incorporated lipid probes.
Sucrose gradient analysis
Detergent lysed GPMVs were fractionated on sucrose step gradients using the procedure described previously [32] with some modifications. GPMVs were initially lysed at 4 × 10 6 cell equivalents/ml with a final concentration of 0.04% Triton X-100 (Pierce). The lysates were then diluted with an equal volume of 80% (wt/vol) sucrose to adjust to a final concentration of 40% sucrose. Sucrose step gradients were formed by the successive addition of 40% (containing the GPMV lysate), 30% and 10% sucrose. After centrifugation at 250,000×g for 12-18 h, gradients were divided into nine fractions. Fluorescence of isolated fractions was measured in an SLM 8100 fluorescence spectrophotometer (SLM instruments), and background signal due to buffer alone was subtracted.
Imaging
GPMVs were imaged using a Leica TCS SP2 spectral confocal system (Leica Microsystems Inc., Bannockburn, IL). GPMVs were added in the middle of a grease cage on a glass slide and sealed with a coverslip. The glass slide was placed on a temperature-controlled aluminum block, and the GPMVs were imaged with an upright objective (63×, 1.2NA, water, coverslip corrected). The sample temperature was measured near the sample chamber by means of a thermal couple (Bat-10, Physitemp). For each lipid probe or protein, ∼5-15 phase separated GPMVs were used to characterize the phase preference, based on visual assessment of differences in fluorescence intensity of each probe in the two phases. Representative images are shown in Figs. 1-7, and overall results are summarized in Tables 1 and 2 . In principle, partition coefficients of lipid and protein fluorophores between coexisting Lo-like and Ld-like phases could be determined from fluorescence imaging, but uncertainties in the quantum yields and difficulties in accurately quantifying fluorescence intensities from the curved surfaces of the GPMVs make this very difficult. 
Results
A large percentage of GPMVs generated from RBL cells undergo visible phase separation into coexisting fluid domains below 25°C, as revealed by probes that partition differentially between these two phases [28] (Figs. 1-7 described below). Cholera toxin B subunit bound to the ganglioside GM1 (CTB-GM1) is highly enriched in the DRM fraction of cells and is considered an archetypical raft marker [10] . We previously demonstrated that A488-labeled CTB-GM1 (A488-CTB-GM1) and Cy3-OX7-labeled Thy1, a GPI-anchored protein (Cy3-OX7-Thy1) partition strongly into the Lo-like phase in GPMVs, whereas Rh-DOPE preferentially labels the Ld-like phase [28] . We took advantage of these reference Ld and Lo markers to examine the relative partitioning of selected lipid and protein probes that represent distinctive structural features. Our results are summarized in Tables 1 and 2 and described below.
Partitioning of lipids
Headgroup-labeled glycerophospholipids
To evaluate the effect of acyl chain structure on partitioning, we compared partitioning of NBD-DPPE and NBD-DOPE which have identical polar headgroups. NBD-DPPE has saturated C16-acyl chains whereas NBD-DOPE has unsaturated C18:1Δ9-acyl chains with a single double bond in each acyl chain. As shown in Fig. 1A and B, NBD-DPPE preferentially partitions into the Lo-like phase and shows complementary partitioning to Rh-DOPE, whereas NBD-DOPE partitions similarly to Rh-DOPE. Interestingly, unlike NBD-DPPE, FITC-DPPE, with two saturated C16 acyl chains, preferentially partition into the Ld-like phase (Fig. 1C) . Similar results are obtained with Rh-DPPE (data not shown) ( Table 1) .
Acyl chain labeled glycerophospholipids and sphingolipids
DRMs and the Lo phase in model membranes are enriched in sphingolipids, glycosphingolipids and cholesterol. Long chain ceramides can also promote formation of gel (Lβ) and Lo domains [33] and can displace cholesterol from ordered domains in model membranes [34] . Ceramides generated in the plasma membrane by the hydrolysis of sphingomyelin by acid sphinomyelinease in T cells, B cells, and other cell types in response to stimulation have been proposed to form ordered domains critical for compartmentalized signal propagation and induction of apoptosis [35] . Thus, to gain insights into how sphingolipids partition into rafts and/or promote new raft domains during membrane remodeling and biogenesis, we examined NBD-SM, NBD-ceramide and NBD-PC in GPMVs. As shown in Fig. 2A and B, 12-NBD-SM partitions equally between coexisting Lo-like and Ld-like phases, whereas 12-NBD-PC, with matched acyl chains, shows a higher preference for the Ld-like phase. 12-NBD-ceramide exhibits partitioning between the two fluid phases similar to that for 12-NBD-SM (Fig. 2C) . Somewhat surprisingly, 6-NBD-SM partitions preferentially into the Lo-like phase in GPMVs (Fig. 2D) .
Gangliosides
In some experiments, GPMVs were generated from cells prelabeled with lipid probes and antibodies. In other experiments, we found the partitioning of lipid probes and antibody-bound gangliosides to be identical when GPMVs were labeled after isolation from cells (see Materials and methods), indicating that the small amount of methanol present during GPMV labeling with lipid probes did not alter the membrane phase behaviour. We compared the endogenous gangliosides, GM1 and acetylated GD1b, using A488-CTB and a specific monoclonal antibody, AA4, respectively. Both A488-CTB-GM1 and Alexa488-AA4 bound to acetylated GD1b (A488-AA4-GD1b) show a strong preference for the ordered Lo-like phase in GPMVs (Fig. 3A, B) . Exogeneously added bodipy-C5-GM1, however, partitions preferentially into the Lo-like phase in ∼ 60% of the GPMVs (Fig. 3C) and exhibits approximately similar partitioning between the two fluid phases in the rest, with a slight preference for Lo-like over Ld-like phases. Fig. 3 . Partitioning of glycosphingolipids between coexisting fluid phases in GPMVs. GPMVs were generated from cells pre-labeled with Rh-DOPE and either A488-CTB (A), A488-AA4 (B) or bodipy-C5-GM1 (C). A488-CTB bound to GM1 (A), A488-AA4 bound to acetylated GD1b (B), and acyl chain-labeled Bodipy-C5-GM1 (C) prefer the Lo-like phase and shows partitioning complementary to Rh-DOPE in GPMVs (scale bars, 5 μm).
Fluorophore-labeled cholesterol
Cholesterol is an essential component of the Lo phase. GPMVs have a phospholipid:cholesterol ratio of 2:1, and about 30% of the phospholipids are detergent insoluble [36] . Comparisons between GPMVs and simpler model systems strongly suggest that cholesterol should be concentrated in the Lo-like phase of the GPMVs, although this has not been formally demonstrated. Furthermore, DRMs isolated from mammalian cells are characteristically cholesterol-and sphingolipidrich, with highly ordered, Lo-like phase properties [36, 37] .
We find that both headgroup-labeled FITC-cholesterol and alkyl chain labeled 25-NBD-cholesterol partition strongly into Ld-like phase (Fig. 4) . The presence of FITC is expected to disrupt the packing of cholesterol with neighboring lipids at the membranewater interface ("umbrella model") [38] . Similarly, the NBD fluorophore attached to the alkyl chain of cholesterol appears not to be accommodated by the restrictive environment of cholesterol in the ordered Lo-like phase. Thus, neither of the fluorophore-labeled cholesterol probes behave like unmodified cholesterol in phase-separated GPMVs. This suggests that the partitioning of cholesterol into the ordered phase is very sensitive to the structure of the cholesterol derivative, including both the small headgroup and the rigid and flat hydrophobic portion.
Partitioning of proteins
GPI-linked proteins
We previously reported that the GPI-AP, Thy-1, strongly partitions into the Lo-like phase, with a partition coefficient K (Lo-like/Ld-like) greater than 1 [28] . To extend our characterization, we examined the partitioning of endogenously labeled GPI-anchored proteins in GPMVs. YFP-GL-GPI has YFP attached to consensus N-glycosylation site fused to the GPI attachment sequence of lymphocyte-function-associated antigen 3 [39] , and it exhibits strong partitioning into the Lo-like phase in GPMVs (Fig. 5A) . Because YFPs have a tendency to dimerize at high concentrations [19] , we constructed mYFP-GL-GPI, a monomeric version of YFP-GL-GPI. As shown in Fig. 5B , mYFP-GL-GPI also strongly partitions into the Lo-like phase in GPMVs, indicating that YFP dimerization is not causing this result (Table 2) .
Inner leaflet-associated proteins
The DsRed-PH construct localizes to the inner leaflet of the plasma membrane via the PH domain of PLCδ that binds with high selectivity to phosphatidylinositol 4,5 biphosphate (PIP 2 ) [40] . PIP 2 is known to modulate membrane-cytoskeletal adhesion and cytoskeletal reorganization, and it plays an important role in regulating vesicle trafficking and signaling events [41, 42] . Although PIP 2 was initially reported to be enriched in DRMs [43] , recent electron microscopy and FRET experiments showed that PLCδ PH-EGFP bound to PIP 2 is homogeneously distributed in the inner leaflet of the plasma membrane, but treatment of cells with very dilute concentration of Triton-X 100 can lead to clustering of PIP 2 [44] . In GPMVs, DsRed-PH is enriched in the phase that is complementary to CTB-GM1, indicating that PIP 2 bound to this cytoplasmic protein preferentially partitions into the Ld-like phase (Fig. 6A) .
Flotillins associate with the cytoplasmic leaflet of the membrane, co-isolate with DRMs, and have been implicated in raftrelated signaling and trafficking [45, 46] . Flotillin-2 has been shown to associate with GPI-linked proteins in the plasma membrane of T cells and neurons and to cocluster with T cell receptors when T cells are activated by crosslinking GPI-linked proteins or GM1 [47] . As shown in Fig. 6B , flotillin-2-EGFP preferentially partitions into the Ld-like phase in GPMVs. These results are consistent with previous results for lipidanchored inner leaflet proteins including Lyn kinase [28] , and they indicate an interesting discrepancy between DRM association in lysed cells and Lo-like partitioning in GPMVs. The basis for this difference is considered in the Discussion.
Integral membrane proteins
Several integral membrane proteins, including transmembrane domains of influenza hemagglutinin, neuraminidase, CD40, LAT, and HIV-envelope are found to associate with DRMs and are thought to partition into ordered domains in plasma membranes a Lo and Ld indicate preferential partitioning into Lo-like and Ld-like phases respectively. Phase preference was determined by comparing the fluorescence intensity of the EGFP/YFP/DsRed-tagged proteins in the two phases. For each protein construct, 5-15 GPMVs were examined. Lo-like phase-preferring constructs partitioned preferably into Lo-like phase, and Ld-like phasepreferring constructs showed stronger Ld-like partitioning in all the GPMVs.
b LAT-EGFP partitioned evenly between Lo-like and Ld-like phases in ∼ 80% of the GPMVs, and showed slightly stronger partitioning into the Ld-like phase in the rest. a Lo and Ld indicate preferential partitioning into Lo-like and Ld-like phases, respectively. For each lipid probe, ∼ 10-15 GPMVs were examined and the difference in fluorescence intensity of these lipid probes between the two phases, identified using a second marker of known phase preference, was used to determine the partitioning preference. Ld-like phase-preferring probes exhibited stronger Ld-like preference in all the GPMVs examined, though the extent of Ld-like preference varied across the different GPMVs.
b NBD-DPPE and 6-NBD-SM strongly partitioned into the Lo-like phase in 80-90% of the GPMVs and partitioned more evenly between Lo-like and Ldlike phases in the rest. c 12-NBD-SM and 12-NBD-ceramide evenly partitioned between Lo-like and Ld-like phase in ∼ 80% of the GPMVs, and showed stronger Lo-like partitioning in the rest.
d Bodipy-GM1 showed stronger Lo-partitioning in ∼ 60% of the GPMVs, and even distribution between Lo and Ld phases in the rest. [4, [48] [49] [50] . Protein structure, protein-protein interactions, or lipid-protein interactions may account for these findings [45, 49, 51] .
Vesicular stomatitis virus G protein (VSVG) was shown to be detergent soluble when extracted with cold nonionic detergent like Triton X-100 and to traffic to the basolateral surface of polarized epithelial cells [48, 52] . In other studies, VSVG was found to copatch with raft markers when crosslinked with antibodies [39] , and this protein was found to pseudotype with other enveloped viruses, a process believed to involve localization to lipid rafts [48] . We find that VSVG-EGFP strongly partitions into the Ld-like phase marked with Rh-DOPE in GPMVs (Fig 7A) . Other transmembrane proteins we tested, CD63-EGFP, YFP-GT46 and monomeric YFP-GT46 (mYFP-GT46), also partition strongly into the Ld-like phase (data not shown).
LAT plays an important role as an adaptor protein during signal transduction in RBL mast cells and T cells [7, 8, 50] . We find that LAT-EGFP shows similar partitioning between Lo-like and Ld-like phases (Fig. 7B) , consistent with partitioning following detergent lysis of cells [52] . We tested a LAT-monomeric EGFP construct (LAT-mEGFP) which partitioned preferably into the Ld-like phase in GPMVs (Fig. 7C) . These contrasting results suggest that aggregation plays a role in the partitioning behaviour of this protein.
Sucrose gradient analysis of detergent extracted GPMVs
Because association of a particular membrane component (protein or lipid) with lipid rafts is commonly inferred from association with DRMs derived from whole cells following sucrose gradient fractionation [1, 3, 4, 20] , we investigated this relationship for GPMVs. As described above, we find that A488-CTB-GM1 [28] and 6-NBD-SM (Fig. 2D ) strongly partition into the Lo-like phase, whereas Rh-DOPE preferentially partitions into the Ld-like phase in phase-separated GPMVs. Cy3-OX7-Thy1 exhibits strong preference for the Lo-like phase, whereas A488-IgE bound to FcεRI (A488-IgE-FcεRI) preferentially partitions into the Ld-like phase in GPMVs [28] . Sucrose gradient analysis was performed on GPMVs after treatment with cold Triton X-100 (0.04%) under conditions in which DRMs are recovered in fractions 1-3. As shown in Fig. 8 , Lo-like phasepreferring A488-CTB-GM1 and Cy3-Ox7-Thy1 strongly associate with DRMs under these given conditions, such that 75-80% of these components are present in fractions 1-3. In contrast, Rh-DOPE and monomeric A488-IgE-FcεRI primarily fractionate with the solubilized membrane components in fractions 4-8, with only ∼ 20-25% of Rh-DOPE and ∼5-10% of A488-IgE-FcεRI present in DRM fractions, as expected from previous studies of IgE-FcεRI on cells [7, 32] . 6-NBD-SM, which preferentially partitions into the Lo-like phase in GPMVs, shows an intermediate sensitivity to detergent extraction, with ∼ 40-45% of the lipid probe being associated with DRM fractions. Thus, visible partitioning of these particular components into the Lolike phase of GPMVs correlates qualitatively with their cofractionation with DRMs prepared from GPMV samples.
Discussion
Partitioning of fluorescent lipid analogues
Our comparative investigation with phase separated GPMVs shows that the chemical nature of the phospholipid headgroups, as well as the degree of acyl chain saturation, can influence Lo partitioning. NBD-DPPE is the only fluorescent phosphatidylglycerol lipid examined in this study that preferentially partitions into the Lo-like phase; all others exhibit preferential enrichment in the Ld-like phase (Fig. 1, Table 1 ). Packing of cholesterol with the all-trans extended conformation of long, saturated acyl chains of sphingolipids and saturated phosphatidylglycerolipids is energetically more favorable than packing with unsaturated acyl chains, and this contributes significantly to close packing in the ordered Lo phase [53, 54] . Correspondingly, NBD-DOPE is not accommodated in the Lo-like phase. The partitioning of these lipid probes is consistent with results obtained in model membranes [20, 24, 55, 56] , and provides direct evidence that the acyl chain structure is a key determinant in the partitioning of lipids between coexisting fluid phases in compositionally complex biological membranes. This result furthermore supports our previous FRET studies on live cells which showed that carbocyanine lipid probes with different alkyl chains laterally segregate in the plasma membrane [57] .
The stronger preference of 12-NBD-SM and 12-NBDceramide for Lo-like phase compared to that of 12-NBD-PC (Fig. 2, Table 1 ) suggests that the sphingosine backbone confers a preference for the Lo-like phase, consistent with model membrane studies [58] , and this may be responsible for the high sphingosine content of DRMs isolated from cells [59] . According to the "umbrella model", proposed by Huang and Feigenson [38] , the tight packing of cholesterol with sphingolipids might be energetically favorable because the large headgroups of neighboring sphingolipids can serve to compensate for the small polar headgroup (-OH) of cholesterol and thereby shield the hydrophobic sterol rings from the aqueous phase. Furthermore, the amide group of SM has the capacity to donate hydrogen bonds [4] , such that SM, unlike PC, can potentially create a more extensive network of hydrogen bonds.
The nature of the polar headgroups and their interaction with the local membrane environment also influence the partitioning behaviour (Fig. 1, Table 1 ). Our results are consistent with those of Dietrich et al., who showed that NBD-DPPE significantly partitions into the Lo phase, whereas Rh-DPPE and FITC-DPPE are excluded from this phase in supported POPC/cholesterol/ sphingomyelin (2:1:1) lipid monolayers [24] . The bulky FITC and Rh fluorophores can apparently disrupt favorable interactions in other parts of the labeled lipids. Solvent molecules around the polar headgroups in the membrane-water interface of the Lo-like phase are probably substantially more ordered than those of the Ld-like phase [60] and the smaller NBD fluorophore would introduce a smaller perturbation to this ordered environment. Additionally, it has been suggested that the magnitude of the dipole moment of the polar headgroup and its orientation relative to the dipolar potential of the lipid phase can significantly affect the partitioning of amphiphiles between Ld and Lo phases [60] . Thus, differential interactions of the fluorophore dipole moments might also contribute to the observed differences in partitioning.
Our observation that 6-NBD-SM partitions preferentially into Lo-like phase, in contrast to the even distribution of 12-NBD-SM between the two phases, probably reflects the differences in the location of the polar NBD moiety in the membrane. The small C6-acyl chain can flip upwards and the NBD fluorophore in 6-NBD-SM might locate preferentially near the membrane-water interface [61] . In this case, 6-NBD-SM in GPMVs might have the configuration of a lyso-phospholipid with an effectively big polar headgroup comprising the choline of SM and the polar NBD fluorophore. The membrane-water interfacial environment and interactions of 6-NBD-SM are then expected to be significantly different from those of 12-NBD-SM, resulting in differential partitioning. The effectively bigger headgroup of 6-NBD-SM would also be expected to shield cholesterol molecules more efficiently [38] . Our results suggest that headgroup-labeled lysophospholipids may show similar partitioning in GPMVs. Lysophospholipids can serve as ligands for certain G-protein-coupled signaling processes and cell-cell interactions, and the membrane distribution of these lysophospholipids may be relevant to the spatial organization of these processes [62] . It has been recently shown that exogeneously added alkyl-lysophospholipids accumulate in rafts and can trigger apoptosis following endocytosis [63] .
Gangliosides strongly partition into the Lo-like phase in GPMVs
Because CTB is pentameric and presumably crosslinks GM1, it is possible that oligomerization of GM1 by CTB has some effect on the pronounced Lo-like preference we observe for Alexa488 CTB-GM1 in GPMVs [28] . Consistent with this view, Bacia et al. [26] recently reported that the ganglioside GM1 preferentially partitions into Ld in model membranes, but migrates to Lo on binding CTB. However, GM1 often fractionates with DRMs in the absence of CTB [64] indicating a preference for an Lo environment on cells even in the absence of CTB crosslinking. Furthermore, the mAb AA4 can only form dimers of acetylated GD1b gangliosides, and yet strong Lo-like partitioning is observed (Fig. 3) .
Headgroup-labeled N-bodipy-GM1 preferentially partitions into the Lo phase in model membranes [65] , and we find that acyl chain-labeled bodipy-C5-GM1 partitions either more strongly into the Lo-like phase in GPMVs (∼60% of the GPMVs) or equally between Lo-like and Ld-like phases. These results indicate that the core GM1 structure has an intrinsically strong preference for the Lo-like phase. Specific interactions mediated by the sugar residues of this ganglioside in its headgroup region may strengthen its Lo-like partitioning, and additional interactions may be provided by the sphingosine backbone. Consistent with our results, the presence of a bulky fluorophore in the backbone would be expected to perturb the packing of lipid acyl chains and thus decrease the partitioning of bodipy-C5-GM1 into Lo-like domains.
GPI-anchored proteins show strong preference for the Lo-like phase in GPMVs
Lipid-anchored membrane proteins with saturated acyl chains, including GPI-anchored proteins (GPI-APs) and dual palmitoylation or tandem myristoylation and palmitoylationanchored proteins generally associate with DRMs [20, 66] , indicating that acyl chain order of lipidated proteins appears to be a key determinant for partitioning into lipid rafts. In reconstituted lipid vesicles, GPI-linked human placental alkaline phosphatase (PLAP) was found in DRMs [20] . In contrast, Thy-1 and PLAP were found to partition preferentially (60-80%) into the Ld phase in model membrane monolayers and GUVs, respectively [67, 27] , although Lo partitioning was increased by polyclonal antibody-mediated crosslinking of these proteins. We used Cy3-labeled mAb (Cy3-OX7) specific for Thy-1 to examine its partitioning in GPMVs, and we found a high degree of Lo-like partitioning [28] . In comparison, mYFP-GL-GPI was directly visualized without the need for a labeling antibody, and strong Lo-like phase partitioning was observed in the absence of crosslinking.
This strong partitioning of GPI-APs into the Lo-like phase in GPMVs suggests that partitioning of proteins between coexisting fluid phases in biological membranes can be different from model membranes composed of 3 or 4 components. Lo phases in synthetic lipid mixtures are likely to be more compact than in plasma membrane vesicles of complex composition and consequently more restrictive towards accommodating proteins and disordered lipids [37] . Specific protein-protein and proteinlipid interactions can also influence partitioning in biological membranes. Thus the partitioning of proteins in GPMVs is likely to reflect more accurately their properties in the plasma membrane of live cells.
Inner leaflet-anchored proteins partition into the Ld-like phase
Both inner leaflet-associated proteins examined in this study, PH-dsRed and flotillin-2-EGFP, partition preferentially into the Ld-like phase in GPMVs, and this is consistent with our previous results with Lyn-EGFP, PM-EGFP and GG-EGFP [28] . These results contrast with findings that these lipidanchored proteins associate substantially with DRMs derived from whole cells ([68] P.S., unpublished results). Although the GFP module might influence the partitioning of these inner leaflet-anchored proteins, the substantial Lo-like partitioning of YFP-GL-GPI (Fig. 5) and LAT-EGFP in GPMVs (Fig. 8B) indicate that the GFP-moiety does not prevent Lo-like phase association. Recovery of these inner leaflet-associated proteins in DRMs from whole cells, and colocalization of another, Fyn, with outer leaflet raft markers in co-crosslinking experiments [39] suggest that they exhibit some preference for Lo domains in live cell membranes.
This apparent discrepancy in partitioning observed in cells compared to GPMVs for the inner leaflet-associated proteins points to the possibility that loss of cytoskeletal attachment or leaflet asymmetry in GPMVs [28] may have a significant effect. In this regard, the extent of plasma membrane lipid remodeling during the formation of GPMVs is unknown, and the organization of some membrane components may be affected. It is likely that the inner leaflet-associated proteins and some transmembrane proteins might be particularly sensitive, leading to different distributions between coexisting phases in GPMVs as compared to regulated plasma membranes of intact cells.
Partitioning of transmembrane proteins is sensitive to oligomerization
Most transmembrane integral proteins are not expected to be readily accommodated in the ordered lipid environment of lipid rafts, based on experimental [3, 4] and theoretical considerations [69] . The transmembrane proteins examined in this study (Table 2) , with the exception of LAT-EGFP, strongly partition into the Ld-like phase in GPMVs. Recently, a peptide corresponding to the transmembrane domain of LAT was found to partition strongly to the Ld phase in model membrane GUVs [70] . We found that LAT-mEGFP, unlike LAT-EGFP, preferentially partitions into the Ld-like phase in GPMVs. GFPs are known to dimerize at high concentrations [19] , and the difference in partitioning for the two LAT constructs can be rationalized on the basis of their different aggregation states. Crosslinking and clustering of proteins are a critical step in various membrane-associated processes, including signal transduction in immune cells, where clustering of transmembrane receptors often leads to large-scale membrane reorganization and recruitment of downstream signaling components. The mechanisms involved can include changes in partitioning and membrane localization of clustered molecules, and stabilization of membrane domains [7] [8] [9] . For example, in RBL-mast cells, considerable evidence supports the view that crosslinking of IgE receptors leads to their stable association with ordered domains where they have increased probability of encountering functionally active Lyn kinase sequestered from transmembrane phosphatases [71] .
Palmitoylation of two cysteine residues near the cytoplasmmembrane interface was shown to cause DRM association of LAT and to enable its function as a signaling adaptor [49] . An increase in the number of palmitoylated cysteine residues per molecular cluster upon oligomerization of LAT caused by EGFP in the cells prior to GPMV formation might be responsible for the enhanced Lo-like preference of LAT-EGFP. Similarly, protein-protein interactions mediated by the intracellular domain of wild-type LAT during the course of cell activation might change its oligomerization state and lead to its association with the Lo phase. Future experiments will determine whether specific transmembrane amino acid residues contribute to Lo partitioning of LAT and other transmembrane proteins in cells and GPMVs.
Sucrose gradient analysis of detergent extracted GPMVs correlates with partitioning in GPMVs
The correlation between partitioning of membrane components into Lo domains in live cells and the recovery of specific molecules in DRMs is a matter of controversy. The micrometerscale fluid-fluid phase separation in GPMVs allows unambiguous assignment of partitioning preference for proteins and lipids in a detergent-free, complex biological membrane. Subsequent detergent extraction of phase separated GPMVs allowed us to relate directly the partitioning of proteins and lipids between coexisting Lo-like/Ld-like fluid phases and their presence in DRMs. The correlation observed confirms that detergent resistance provides useful information about the tendencies of membrane constituents to associate with Lo domains. The correlation is not quantitative, as indicated by the strong Lo-like preference of C6-NBD-SM visualized with confocal microscopy compared to the more moderate DRM association.
Conclusions
GPMVs enable new insights into how lipids and proteins laterally segregate into regions of different order in the complex milieu of the plasma membrane. We found that the phase preference of a lipid molecule is determined by a complicated interplay between the headgroup and its acyl chains and their interactions with their immediate environment. In this manner, subtle changes in molecular interactions may shift the phase preference of a probe. Our characterization of the phase preference of fluorescent lipid analogues in GPMVs provides valuable information for selecting probes for studying lateral heterogeneities in live cell membranes, as well as for developing and fine tuning new fluorescent probes. GPMVs also provide a convenient model system to examine a wide range of plasma membrane proteins. Our results show that a number of factors, including the nature of the membrane anchor, the oligomerization state of proteins, and location of the protein at inner versus the outer leaflet, can significantly influence partitioning between different environments in biological membranes.
